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AI I i]]tm\a(ivc  II MIKK1 of dish ibutinp, pccisc titllc and ]cfcl CIICC  ficquctmy  to USC]s  10CHtCd  SCWI  al kilonlctms  fiOIII a
flc(lilcllcy  st~tlclal clalld]llastc]  cl()ckllas  l)cctl(ic\'cl()} Jcclt}y tllc'l'iI[lillf,  S()lLlti(Jlls  (() I}l()]a ti()l]( )f13Cltllclc], CC). ‘1’tm
()[)tic:ll’I’\\( J-W[ly’ l’irIlc”l’]a Ilsfct S~~stclll (()"l`W'l''l'S) ~]tili~cs: ic()Illr[]clc i:ilS(JNli 'l`()(~-3f acilit~il ~tc]facct( Jl~llysic[llly
UHIIICG1 a II I:IMCI mit torlll]lti~]lcslavcllllits at Icl[mtc locatimls  (ill this IIalliculat  irll}]lcl]lcllt[]ti(~]l, five slave utlits  alc
sII]JlxHtcd), ()])tical  fltm is a vial)]c altc]lmlivc  lo sla IIdatd cx~]~]w cal)lc ald l]Ilclo\wl\’c II allsl]lissic)]l (haxial cal)lc  1s
l(Msy wit}] Iclativcly  ]m(N tc]npcl atutc  stal)ility. MICI owa\’c tI atlstnissio]l  IS oqm]sivc  ard IIIay illtloducc  mIMaIItcd
Imisc ald jiltcl into tlIc rcfct clwc sip,na}s. ol)tical fltms mc the ]Ircfc] Icd ]Idiull] of dish itnltiml bwausc  of low 10ss,
Il]llllllllity to I{ Ml/l<l;], aIId tCIII]ICI  Nmc  stal)iliiy. At IIIC o’1’W’1’’1’S  ICI II(IIC cid, a davc local oscillal(u  is loc.kcd to tllc
II I: IS ICI  I ufcIcIIcc sir,]lal l)Y a clock  Iccovcty  1’1.1. I )al:i si~}lals alc cxd IaIIf LYl ill Ix)t]l dilcctimls  ill (U CICI to calil)] atc tl)c
[Il[,l,ap,atio]l delay OVCI I(;IIII,  dislarlccs  and 10 SC( II IL. slave tilllc l]Icciscl\ I(I llIc ]Ilastcl o]l-ti[lw 11’1’S ‘1’lIc () ’1 ’W’I’’J’S is
~;!l)~ll)l~ of l]]ai]l(aillill~,, \ \  ](llo~]( dccl  dati~]l,  t}ll’ ]  ]!)  5071  ~csi(lll)  Sblld{!l  (1 S[fi[)l!lty  ~!d Sl)cd!  ;Il  1)~11  lt~  at dls[a!lc~s  Ill)  (()

1 () kIII  Ji (MI]  tlIc  fIcqLIc IIcy standat  ds CCIItI al locatI(MI

‘1’llis lm]m discusses mcasulclllc]lts  of ficquc]lcy  ard tir[lirlg stal]ilit}’ o\’cl tllc () ’I’W’I’’1’S,  ‘1’wo ]ccls  of q)lical fibcl, cacll
cxaclly  10.6 km ill lclI@, wcIc  sul)jcctcd  to Sitmsoidal tcln]Icl atwc IVII ialim]s floll] -?oo(: to -1 50GC  ovct a ?.4 IIoul
Im icd ‘1’tlc mastm and slave urlits wcle ildqwldclltly sul)jcctcd  10 + 15[’(1 to ‘1 ?5C’C tcllqmatulc \aliatiolls (l]ald\\ratc
s])ccilicatiml).  Mcasuluilc]its wcIc  ]iladc of flcqmlcy stallility, I 1’1’S jittu],  [Jmse  rmisc, accuI ac)f, atd tclTl}JcI alutc
cx)cl’licicvlt. l’lclimilwy  Icsults  itdicatc that IIIC ()”1’W’I’’I’.S  }m fOIIIIS as slmiflcd ald dots lIot dc.~,1 adc tlIc quality of tl]c
CCSIIIIII  ]ufciclmc  sipyal.  WolsI  case c]lvito]ltnc]ltal  tcs(s  of the ()’1’W 1 ‘I’S i[dicatc tlIc Allall  dcviatiorl  to ix: ml tlic oIdcI
(~f])alk  in 1014 at a\’cl a~,ing till]cs of 1000 aIId IO,(U)  sccmds, tlIus, tlIc IiIlk shl]ility  dcp,I adatiml  duc to cllvit ollnlclllal
coditiotls still ]I]ailltaills  I 11) 5071 ccsimtl  staldat d ])clfolllm[lcc  at tlIc user locatiwls.

“1’llc  () ’l’MJ’J’’l’s dcsc,*ilJc~  it] tl]is ]~a]~cl \\,as dcsip~lcd a]d built t,y ‘1’illlill~, Solutimls  COl  ]K)l atiml Of 1 IOUI{ICI, (10.

l{l)vilo]lll)ctlt[il tcstinp, of tllc hald\valc aid assoc.iatd o})tical fIbcIs  was ]m fm IIICCi at .lct l’lqmlsioll  1 .almratmy,
l>asadct)a, CA, LIIIdCI contl act with the lJ, S. Navy l~lcct ltdustl ial SIIly)ly CcIItcI, III CIIICI km, WA.

“1’llis lvo]k lcpcsclds onc pllasc  of ]cscalch cal I icd ou[ al tlm .ld  l’Io]nllsio]l  1 ,aln atwy,, Califolllia  lrlstitulc  of
‘I’ccl II Iol(yy,  UIIdCI a CON(I  act slmnswcd  by t}Ic Nalimlal  Aclo]]autics  mId Sl)acc Adltlil]ish slim
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‘J’hc optical ‘1’wo-Way “1’imc ‘1’lansfc]  Systcm (() ’1 ’W”l’’I’S) utilims  a conmm cial  SON1 {’1’ OC-3
facility intro face to physically mnncct a mastcl unit to multiple slave units at r-emote locations (in
this pal-titular it~~j>lclllclltatiorl,  Jive slave units may be suppm [cd) [ 1]. Optical fibel is a viable
alternative to standal  d coppcl cable and rnicl  owavc trarlsnlission  (haxial  cable is lossy with
relatively poor tcnqmraturc  stability. Mimwavc  transmission is cxpcnsivc  an(i may introduce
unwanted noise and jittcl into the I cfcl cnce signals O1}tical  Jlbels arc the Jlr cfcr I cd rncclium of
distl-ibution  because of low loss, immunity to 1 iM1/Rl:l, an(l tcnlpcl  alure stability [2]. At the
Ocl’W’J’’l’S  remote end, a slave local oscillator-is locked  to the lnastel  rcfcl-cnce  sisnal by a clock
r Ccovc]-y  1)1 .1,. l)ata signals arc exchanged in both (Iircctions in orde] to calibrate the propagation
delay OVCI-  long distances and to set the slave ti]nc precisely to the master cm-time 1 l)l’S. ‘1’hc
() ’J’W’I’’1’S  is capable of maintaining, without deg[ adaticm,  the 11P 5071 ccsium standar (i stabiiity
an(i spccti al purity at distances up to 10 km from a cjcntl  aliy Iocatc(i  frequency stanciar (i. in
a(i(iiticm  to the 5 Ml IZ reference ficqucncy  an(i the cm-tiinc  1 l’l)S, ]Rl(i-}1 time cmic is
tI anspm ted from the nlastcl-  to the slave units. ‘J’hc Orl’Wrl’’l’S pm fbl mancc is rcpollc(i  latct in
tilis i~apcj.

‘]’]]C  ()”1’W’1’’]’S fl]nc,tions as a p]lasc ]Oc,k ]00]) that contr”~]s the time and h c(]Llc]~~y of a slave
clock to ay cc with a mastm timing sour-cc ‘1’hc slave may bc sepal atc(i from the mastc[ unit by a
(iistance as large as 10 km. ‘1’hc C)’J’W’IV’S cxchanp,es  ciata an(i time si~nals in both (iilcctions  to
set ti~c slave time an(i to calibrate the delay OVCJ the optical films. A top level block (iiag[ am of
the () ’J’W’J’’1’S  is shown ill l;igul c 1. ‘J’hc spccifie(i  opel at inc tcnq>cl-alul  c range for botil the slave
ami nlastcl units is 1 15“(; to -1 2S0(1.  ‘1’hc Icnlpclature  lang,c fol the optical fibcv cable is -2.0°C
to -1 50’’(:. It is cxpectc(i tilat  the rnastm ami slave units will bc iocatc(i in a contlollcd
cnvilc)llnlcnt  and will not cxlmicnce  large tcnlimatul-c  validations; wllcxcas,  tile ol)tical  cable my
ilavc  lollf, mns ti~at  arc cxpcm(i to the clcmct)ts

‘1’ilc pi]ysicai link bctwccn  tllc () ’1 ’W’lV’S mastm al)(i  the siavc is via sin{:lc-mmie  optical fibers
‘1’i]c intcl face between the master/slave electronics ami the physical link is a SONI irl’ ()(;-3
assembly. ‘]’hc 1 S5,52 Mb/s clock of the mastcl- 0(:-3 intclfacc  is locke(i to the 5 Mt lx. from the
mastcl  station ft cqucncy  stan(ia]  (i, ‘1’hc on-time 1 l)l)S fl om tile ficquency  stan(iar  (i as well as
11{1(;-11  time code arc il]i~ut to the () ’J’W’J’’I’S mastel unit. A block dia{:lanl  of the () ’1 ’W’1’’1’S
lnrtstw unit is showl] in l;ip,u] c 2..

‘1’hc rcmot c slave unit recovers the fi cqucncy infb] ]nation fl on) the SONI ;’1’ ()(:-3 (iata.  “J’hc
t I ansmit tc(i clock fi cqucncy  is rcgcnclate(i  by a clock l-ccovcr  y cil c.uit  ir~ the slave unit. ‘1’hc
ciock recovery loop is a (iigitai loop which tl acks ti]c phase of the mastel sip,nal  as r-cccivc(i  at the
slave unit inclu(iing val-iations  in line length bctwcell  mastcl all(i slave ciuc to tcnli)cl aturc
validations. A wicicband  i>hasc-iock  loop is LIscd to fiHcI the SONJ:’J”  (iata transitions. ‘1’imc
signals arc lctumed to the mastc~  unit J’I cm ti~c slave in o] (icl to set the time of the slave an(i to
stabiiizc the recovered clock fl cqucncy.  ‘J’hc () ’J’W’J’’J’S  is constl uclcci  such that the forward (iciay
a!~(i tile r eve] sc ciclay arc cxactiy  equal, makin~,  it i)cmsiblc to caiculatc the one-way t imc (iclay  as
well as the rnastcl-- slave clock (iificl-cnce. ‘J’hc slave unit block (iia~l an] is shown in liig,u[c 3.



‘1’hc SONli’1” C) C-3 line intcffacc module dir cctly tc! minatcs a single mode optical fibcl [2]. ‘1’hc
C) C-3 can ics the standal d S’1”-3 tclcc{)l]lllll]llicatior]s payload and operates at a bit I atc of 155.52
Mb/s. 'l`}) cS{)Nl13'  155.52Mt]/s clock islockc(i  totllc5Mll?,  cJft}~c l~~astctf  ieqllcl~cys  tat~dald.
‘1’hc gcncr-atcd  high pl ccisicm timitlg ma] kcrs take advantap,c of Iiminp, which  is inhcmnt  to the
SONI ~1’ equipment.

(:{) Nl~l(;lll{A’1’loN IX)]? “I’IcS’I’l NG ‘J’J I IL O’JWJ’’J’S

l;or 0’1’W’J’’l’S  testing, the hardwa~ c along with the suppm [ing optical fibcls was configu[cct as
shown in l;igurc  4. A hydrogen mascf- ficqucncy  st anctal  d was used as the SO UJCC, ‘J ‘lIC 1 l’l)S
was gcncl  atcd by fcccting  the rcfcl-cncc  S Ml Iz. into a time code generator. For tcs[ put poses, the
slave 5 Ml l?, source was a 11)1. supplied oscilloclual  (z. Model 8600 oscillato~  .’l’hc mastci unit,
slave unit, and the optical fibers wci-c moved individually into an cnvh-onmcntal test chamtmr  as
lcquircd  for the testing. ‘1’hc test chambcl used was a ‘1’ctmcy  1 invir onmcntal  Systems, Model
‘1’201{(;-3,  which easily accommodates the tmnpcl aturc I-angcs spccificd for the 0’J’W’l’’l’S.

IIasc]inc  noise  floor and stability tests were conducted on the test systcm alone, without the
() ’l’W’l’’l’S, to vm ify that tbc test equipment would not contaminate the test data. Next, All an
dcviat ion was taken with the () ’1 ’W’I’’1’S  opt] sting at normal room tcmpcl aturc which  was
assumed to bc near actual operating cmditions  fo] the systcm hal dwa~  c. ‘1’hc result of this test is
shown in IJigurc 5.

‘1’hc on-time 1 I)PS delay validations were made using,  a 111’537011 I’imc lntcrval (kwntcl.  ‘J’hc
1 1’1’S into the mastcl unit was compared with the 1 1’1’S out oftllc slave unit fbl (iclay variatiorls
and fbl pulse jittcl. ‘1’hc  1 1’1’S jittcl mcasulcxl  at the slave unit is 30 ps fol 1000 avmagcs.  11’o1
test IN]] poses, the slave 5 Ml IZ SOUIC,C  was a .tI’l, supplic(t  oscilloqual  [z, Model 8(K)O osci]latol.

l~ol tcs[in~, IWO I-CCIS  of’(;omity:  SMI; ?8 sin{:lc  mode fibels WCIC used as the physical

cronncctions  bctwccn the maslcl and slave units.  “1’his par-ticu]al  optical fibcf has a thcl ma]
cocfl~cjicnt  of delay of approximately ‘1 ppmf’’(~, 1 iach 1 ccl of fibc] was mcasu] cd p] ccriscly to a
length of 10.56 km. ‘J’hc fibcl-s used in the tcstil]p,  had no cable jacketing, cnsuling  lclativcly  fist
1 csponsc to Ihcl mal validations,

‘1’],:s’1’  ]~]l;s~]],’]’s

IJigul c 6 shows the Allan  deviation of the () ’I’W’I’’1’S  with the two 10.56 km I CCIS of fiber in the
cnvil onmcntal  test crhambcr with tcmpcl atul c val iat ions fi mn -20° C to + SO° C. ‘1’hc tcmpcl atui c
val-iation  is sinusoidal with a pcl-iod  of a half day in this palticula~ test. Note that thm e is a
diurnal dccractation  of the 5 Ml IY stability from pal’ts in 101$ to apploximatc]y  6 x 1014 Also
obsc] vc that the peak to peak phase delay val i at ion in the I cfcl cncc fi cqucncy  is ?.. 5 ns; thus, tllc
tcmpcl aturc scmitivit  y of the systcm to the fiber is 3,3 x 10-]2/O(Ykm. ‘l-he 1 1’1’S dc]ay vat iations
WC] c I-cco] dcd utilizing this same test configuration. l;ip,u] c 7 is a plot of the 1 1’1’S delay
val-iations,  approximatc]y  ? m peak to peak. “Illc solid sinusoidal line on the Cl aph I cpI cscnts  the
cmtm]lccl  tcmpcl-atu~  c validations.



l:igurcs  8 and 9 show the phase noise density as mcasul cd at the output of the 5 Ml IZ distl ibutimi
at the slave unit, O to 10 IIz and O to 10 KI lzt, Icspcctivcly.  ‘1’hc noise flom of the Orl’Wrl’’J’S is
below the 111’5071 sJJccificaticm  with some lnal p,in. ‘1’hcm is a low fl cqucncy spm that is I-elated
to the digital synthcsixcr  at the slave unit  ‘1’hc spul magnitude was lllCaSUICd  to bc -80(113c while
the spul  spccificaticm for the 0“1’WTl’S is -7S dllc obsel vc the mlliplc  low fi cqL]crlcy spulious
]-csponscs which arc by-products of the SONl i’1’ dip,ita]  data tl’ansfku. ‘1’hcsc spurs arc multiples of
apploximatc]y  1/3 1 Iz. ‘1’hc spul magnitude mcasul c(I in the SONI1’l°  OC-3 withcmt the 0’J’W’J”’J’S
cmtl  01 loop is approximatc]y  -70 cillc whereas the sputs  at the output  of the O’1’WTTS have l)ccn
Icduced to -100 cillc or less. ‘J’able 1 summal-izics  some of the test I CSU1lS  c)f the 0“1’W’I’’J’S.

‘J’aMc 1. O’JWJ’’J’S IDcrformanm  NIcasurcs
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—

2.s 11s p-p

8(IO ps p-p
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SIIMMARY

‘]’]]C ~]lcasl][  d }> C1”fO1”lllallCC  of ttlC () ’] ’W”] ’’]’S IIICC[ S thC Statd  s])cCifiCdtio~ls  of a co~~tl ()]IC(I slav~
ciock suc.t)  tilat its time ami fi cqucmcy aglcc wi[i~ the mastc[ unit. ‘1’ilc  siavc unit maintains high
pcl”fol  mancc ccsium quaiit y stabiiit  y and si~llai  c]]al aclcl”istics at t hc 1 cnmlc slave location  uIIdcI’

woIst case cnvil-onmcntal  variations, ‘J’hc two-lvay mastcl /slave 1 l)l)S jittcl is lCSS than 100 ps.
‘1’hc commcI cial SONI i’]’ 0(;-3 intclface  pclfbl ]ns as a vchicic fol pl ccisc time and ficqucncy
tlansfcrs,

1. Opticai ‘1’wo-Way ‘1’imc ‘J’ransfcr  Systcm (Pt miuct l)cscl iplicm), ‘1’S96.0097,
‘1’iming Solutions Coqmation,  IIoul(ier, (X) 80304

2.. Calhoun, M,, l’.Ku}mic,  and .1. l.aw, ” 1 invil-onmcntai  1 lf)’ccts on tile Stabiiity of Opticai  l;ibws
Ilsc(i fo] Rcfclcncc  II’] cqucncy  l)istliimtion”, 1’1 oc.ccciings  of the 39th Annual Meeting of the
]nstitutc  of 1 ~nvi!onmcntal  Scicnccs,  1.as Vcp,as, NV, h4ay 1993.

3. ()(;-3 A’I’N4 1,]MC), l)l-climinal”y  l)ubiication,  ocictics,  inc., Anaheim, CA 92808



1 U,li
mm ct1RJq91bJm.RO  *1-OTWJ-l’S

lPW -
* MASTJLR

-----
0
, Da&l
8
,  cx-a

;W

L - - - -

—

LOur  T

K-3

w
- - - -
.-

Om%m’s
SIAVK

l~igurc  1. IIlock Dia~ralll of the Optical “1’wo-Way ‘1’imc ‘1’fallsfcr !lystcvn

—-

—-

lPH

I

t.
‘nc 2034

W1C1610N  .
mum

m lIML  UMIKI R

6 Ulll

[.

lSC  aoml
DISINUWIKWJ

AMPU  K@

[

T
lbc  ?041

Dos

a44  MI(I

+

[.

lSC  2>10
cola 1 w-s
&r Muul

1“ t

i

I lSC?OJI
W{u. e

RCNKR

]?igllr~ 2. O’I”W’l-J’S  Master (Jnit IIloc.k Diagram



—

[ ,-----

15C 2042
auARlz

OSCI1 lATOR

+ 5 MN2

[“:-...l1SC2043
DOS

+

[-”-:1-Tsc 2030
DlSTRlf3LW10N  -

AMPUFIER

It

Tsc 2061
SYM3UIONUMLF

mvmcn

6 Mtlz

s Mlk

1 PPS

1-TsC 2043
b-

ODS

L

[
Tsc 2055

b PRrclsiON

L

6.46 M}{?

L . .  - - - -  _.J 1.
i
i IRG

TIME  COOC

Uigurc4.  “1’cst

I
01 u 1

4 I “.1Tsc 2210
sot4El 0G3

4 lNIUIFACE
4

Pt IASE I t
il

SINGLE MODE
OPTICAI FIEIER

Figure 3. O’1’\V”I’’l’S Slave. lJI~it IIlock Diagram

I

4
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